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of neurofibrillary tangles and extracellular deposition of the protein amyloid-␤ (A␤) in the form of plaques (47) . However, it is the intracellular accumulation of soluble oligomeric A␤ that is believed to play a central role in the pathogenesis of AD (34) . A growing body of research suggests that mitochondrial dysfunction is one of the leading causes of neurodegeneration in aging (50) and AD (29) . A␤ has been shown to negatively affect mitochondrial function (16, 21) through pathways such as impaired oxidative phosphorylation, loss of mitochondrial membrane potential, altered morphology, and increased oxidative stress [reviewed in (22) ]. This deregulation of mitochondrial function generates a vicious loop decreasing the proteolytic activity of mitochondrial presequence peptidases (PreP peptidasome), which metabolizes A␤ (6, 24) , leading to further accumulation of A␤ in the mitochondria. Decreased mitochondrial activity leads to cellular dysfunction by deregulating calcium influx (5) and activating apoptotic pathways (42) . Mitochondrial accumulation of A␤ and amyloid precursor protein has been reported in AD patients (19, 35) and mouse models of AD (7, 18, 36) . Furthermore, both sporadic and familial AD patients show mitochondrial dysfunction, implying that irrespective of the cause of A␤ accumulation, the primary target is mitochondria (10, 27, 30) . In fact, mitochondrial damage occurs before clinically detectable pathologies surface and follows the progression of AD damage in human and mouse models, establishing this as an early biomarker of AD pathology (17, 28, 57) .
Astrocytes play a crucial role in neurodegeneration seen in AD (1) . A␤ causes mitochondrial dysfunction in astrocytes by reducing mitochondrial membrane potential, altering calcium influx, suppressing oxygen consumption, and increasing formation and release of reactive oxygen species (ROS), which leads to cell death in surrounding neurons (1, 2) .
We have previously reported that A␤ affects epoxygenase activity in cultured astrocytes (46) , resulting in decreased 14,15-and 11,12-epoxyeicosatrienoic acid (EET) production. EET (4 regioisomers: 5,6-, 8,9-, 11,12-, and 14,15-EET) are epoxides of the essential fatty acid arachidonic acid and have well-established cytoprotective properties in cardiovascular and cerebrovascular injury models (43, 49, 59) . It has been proposed that the cytoprotective action of EETs is mediated by improving mitochondrial function (31) , modulation of the ATP-sensitive K ϩ channels (12) , and preventing the loss of mitochondrial membrane potential (23) . EETs have also been reported to inhibit ROS production in ischemia-reperfusion injury (25) and prevent oxidant-induced neuronal damage (51) , but the effect of EETs in A␤-induced mitochondrial dysfunction is not known. Therefore, in this study we have addressed the potential effectiveness of 14,15-and 11,12-EET in preventing soluble oligomeric A␤-induced mitochondrial damage. We hypothesized that: 1) inhibition of endogenous EET production will contribute to A␤ toxicity and 2) supplementation with exogenous EETs will protect the cells from A␤ injury.
METHODS
Cell culture. Primary cultures of neonatal hippocampal astrocytes were obtained as previously described (46) . All protocols were approved by the Institutional Animal Care and Use Committee at the Medical College of Wisconsin and in accordance with National Institutes of Health guidelines. Briefly, Sprague-Dawley rat pup brains (1 to 2 days) were quickly removed, and hippocampi were dissected in media containing Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA), supplemented with 1% penicillin-streptomycin, 0.1% gentamicin, and 0.005% fungizone (Invitrogen). Minced hippocampal tissue was then digested for 45 min at 37°C with gentle shaking in papain (20 U/ml, Worthington Biochemical, Freehold, NJ) and L-cystine (1.5ϫ10 Ϫ4 g/ml, Sigma-Aldrich, St. Louis, MO) in dissection media. The pellet was washed three times and triturated in growth media consisting of DMEM supplemented with 10% FBS (Invitrogen), 1% penicillin-streptomycin, and 0.1% gentamicin. Cells were plated on 10-cm culture dishes (Sigma Chemicals, St. Louis, MO) at a density of ϳ2 ϫ 10 5 cells per cm 2 and incubated at 37°C in an atmosphere of 5% CO2 in room air. Medium was replaced the next day and, thereafter, every third day with gentamicin-free growth media. Cells from passages 1 to 2 were used for experiments.
Oligomeric A␤ and preincubation with EETs and MS-PPOH. Soluble oligomers of A␤ (A␤ 1-42, Sigma) were prepared as previously described, and the quality of the oligomers was checked with Western blot analysis (46) . Briefly, A␤ was dissolved in hexafluoroisopropanol, and the aliquots were dried in a Speed-Vac and stored at Ϫ80°C. Before experimentation, the aliquots were dissolved in DMSO and media and allowed to oligomerize for 24 h at 4°C. Serum-starved cells were incubated with A␤ or vehicle (equivalent mixture of DMSO and media) for 24 h. Control experiments were done using reverse A␤ (42-1, Sigma), which was oligomerized following the same protocol for A␤ , and it had no effect on the mitochondrial membrane potential, morphology, and ROS production. Stock solutions of MS-PPOH (10 mM, Cayman Chemicals, Ann Arbor, MI) and EETs (32.5 mM, kindly donated by Dr. John R. Falck, Department of Biochemistry, University of Texas Southwestern Medical Center) were prepared in ethanol. To block endogenous EET production, the epoxygenase inhibitor MS-PPOH (40 M) was added to the cells 12 h before A␤ incubation. Different concentrations of EETs were added 30 min after MS-PPOH. Since bioavailability of EETs declines rapidly, at the end of 12 h EETs were added again followed by the addition of A␤ after 30 min (Fig. 1A) .
Confocal microscopy. For measurement of mitochondrial membrane potential and fragmentation, cells were plated on Matrigelcoated (Sigma) glass coverslips at a density of 20,000 cells/cover slip (1 cm diameter, Thermo Fisher, Waltham, MA), grown for 24 h in DMEM with 0.1% bovine serum albumin. Cells were treated with A␤ with or without MS-PPOH and EETs. The coverslips were immersed in phenol-red free DMEM (Invitrogen) containing 30 nM tetramethylrhodamine ethyl ester perchlorate (EET, Invitrogen), a membranepotential sensitive dye, which accumulates in the inner mitochondrial membrane, for 20 min and washed for 5 min before imaging.
For cellular ROS production measurements, a similar method was followed, except that the coverslips were immersed in phenol-red free media containing 1 M 5 (and 6)-chloromethyl-2=,7=-dichlorodihydrofluorescein diacetate acetyl ester (CM-H2DCFDA or DCF; Molecular Probes, Eugene, OR) instead of EET.
Images of dye-loaded cells were captured using a confocal microscope (Eclipse TE2000-U; Nikon) with a ϫ60 oil-immersion objective, 1.4 numerical aperature, and a ND4 filter to prevent photobleaching. EET was excited at 543 nm with a helium-neon laser, and emission spectra were recorded through a band-pass 590 to 640-nm filter. An argon laser was used to excite DCF at 488 nm, and emission was recorded through a band-pass filter (515 to 530 nm).
Image analysis. Images were analyzed using ImageJ software (National Institutes of Health, Bethesda, MD).
Mitochondrial membrane potential and ROS generation. Ten images from random, nonoverlapping fields were taken per coverslip from cells loaded with EET or DCF. The mean fluorescence intensity/ image calculated after background subtraction was averaged over the ten captured images from at least five independent experiments. Relative change in intensity was expressed as percent change from the vehicle control and calculated separately for each individual experiment, with vehicle set at 100%.
Mitochondrial morphology analysis. Images of 56 m ϫ 56 m area were captured that approximately focused on single cells stained with EET. A minimum of five cells were imaged per coverslip. For quantitative analysis of mitochondrial fragmentation, a median filter was applied to the acquired images to equalize fluorescence intensity. After converting to a binary form, the image was subjected to particle analysis that calculated the circularity and aspect ratio (AR ϭ major axis/minor axis of the ellipse equivalent to that object) of each mitochondrial object per image. The form factor [FF ϭ 1/circularity ϭ perimeter 2 /(4·area)] was calculated from the circularity values. These values were averaged over four to six images over at least four independent experiments per group to obtain the mean AR and FF values. A perfect circle has an AR of 1, and the value increases as it becomes more elongated. Whereas AR is an indicator of length and shape of the mitochondria, FF denotes length and branching. Hence, low values of AR and FF signify fragmented, unbranched mitochondria, and higher values mean more elongated, branched mitochondria (32, 52) .
Mitochondrial respiration in whole cells. Confluent cells grown in six-well plates (Sigma) were used for measurement of mitochondrial oxygen consumption after incubation with A␤, EETs, and MS-PPOH, as described above. At the end of 24 h, cells were trypsinized, centrifuged, and resuspended in 300 l growth media (Fig. 1A) . Cell number was calculated using an automated cell counter (TC10, Bio-Rad, Hercules, CA) by trypan blue exclusion method. The cell suspension was then placed with a magnetic stirrer into a closed glass chamber thermostatically maintained at 37°C. Oxygen consumption was followed with an S1Clark type oxygen electrode connected to an Oxygraph (version 1.02) control unit (Hansatech Instruments, Norfolk, England). The slopes of the obtained traces represent the rate of consumption. Three distinct states of respiration were measured: 1) baseline, depicting cellular oxygen consumption at a basal level without the presence of any modulator; 2) oligomycin (2 M, Sigma), added to block ATP synthase and H ϩ flux through it; and 3) a protonophore, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 2 M, Sigma), added to uncouple electron transport chain from ATP synthesis, which in turn increases the oxygen consumption, indicating the maximal respiratory state. Non-mitochondrial respiration was obtained by adding 1 M complex III blocker antimycin A (Sigma) and was subtracted from all recordings (1) .
The values were normalized to the total amount of protein present in the cell suspension, which was calculated at the end of each experiment by Bio-Rad protein assay kit.
Statistical analysis. All data are presented as means Ϯ SE of n Ն 4 independent experiments. One-way analysis of variance was performed to determine the difference between the mean values of the groups, which was followed by a post hoc Holm-Sidak (all pairwise comparison) test to assess intergroup differences. P Ͻ 0.05 was considered to be significant.
RESULTS

Decreasing endogenous EETs aggravates A␤-induced depolarization of mitochondrial membrane potential.
Exposure to A␤ for 24 h (1 M) caused a decrease in mitochondrial membrane potential as revealed by a reduction in EET fluorescence (51.3 Ϯ 6% of vehicle control, n ϭ 6, P Ͻ 0.001) in astrocytes compared with vehicle ( Fig. 1, B-D) as previously reported (2) . To block endogenous EET production (44), we used the specific epoxygenase inhibitor MS-PPOH (40 M). Preincubation of cells with MS-PPOH (12 h) before A␤ treatment (1 M, Fig. 1E ) for 24 h caused a further reduction in mitochondrial membrane potential (20.6 Ϯ 6.8% of vehicle control, n ϭ 5 independent experiments, P Ͻ 0.001 vs. vehicle) compared with A␤ alone (P Ͻ 0.05). MS-PPOH itself did not cause a significant reduction in membrane potential (71.5 Ϯ 14.6% of vehicle, n ϭ 6), but a decreasing trend was observed that worsened in the presence of A␤ (P Ͻ 0.001, Fig. 1F) .
Exogenous EETs prevent A␤-induced depolarization of mitochondrial membrane potential. Since blockade of endogenous EET production aggravated A␤-induced mitochondrial membrane potential depolarization, we investigated whether supplementation of exogenous EETs could reverse this effect of A␤ on mitochondrial membrane potential. Astrocytes were incubated with 1 or 10 M 11,12-or 14,15-EET 12 h before incubation of the cells with A␤ (1 M). To ensure that we observed the effect of exogenous EETs only, MS-PPOH (40 M) was added to block endogenous EET production 30 min before addition of EETs. Preincubation with 10 M 14,15-EET completely prevented the loss of membrane potential in the presence of A␤ with a relative fluorescence intensity of 102.3 Ϯ 10.2% compared with that of vehicle (n ϭ 5, P Ͻ 0.005 vs. A␤ alone). 11,12-EET (10 M) preincubation (Fig. 2, A-D) showed similar results (97.6 Ϯ 8.8% of the control, n ϭ 6 independent experiments, P Ͻ 0.005 vs. A␤ alone), establishing the effectiveness of EETs in sustaining mitochondrial membrane potential by counteracting the effects of A␤. Lower doses of both EETs (1 M) elicited similar results as the 10-M groups (Fig.  2G) . EETs alone had no effect on mitochondrial membrane potential (Fig. 2H) .
A␤ causes fragmentation in astrocytic mitochondria, which is exacerbated by preincubation with MS-PPOH. A␤-induced mitochondrial fragmentation in neurons is well documented (54), as well as its effect on mitochondrial function. Although mitochondrial depolarization and metabolic failure have been reported after A␤ exposure in astrocytes (1, 2) , no definitive effect on mitochondrial morphology is known. We observed for the first time that a 24-h A␤ incubation (1 M, n ϭ 27 cells) causes significant fragmentation in the mitochondria of astrocytes compared with vehicle (Fig. 3 , A and C, n ϭ 37, P Ͻ 0.001), Mitochondrial fragmentation was also observed when astrocytes were incubated for a 3-h period with a range of lower concentrations (1-100 nM) of A␤ oligomers (data not shown).
A␤ affected both length and shape of mitochondria as expressed by a decrease in AR from 3.3 Ϯ 0.1 arbitrary units (AU) in vehicle to 2.17 Ϯ 0.02 AU in A␤. The FF, an index of length as well as branching, was also affected in A␤-treated cells (1.6 Ϯ 0.03 AU) compared with vehicle (2.9 Ϯ 0.1 AU). We next investigated the effect of a 12-h preincubation with MS-PPOH with or without exposure to A␤. MS-PPOH alone (n ϭ 24) caused a reduction in both AR (2.7 Ϯ 0.2 AU) and FF (2.5 Ϯ 0.4 AU), which was lower than that of the vehicle (P Ͻ 0.001) but higher compared with that of A␤ alone (P Ͻ 0.001). Further reduction in the AR (1.9 Ϯ 0.03 AU, n ϭ 39, P Ͻ0.05) was observed when cells were exposed to both MS-PPOH and A␤ (Fig. 3D ), but no significant reduction in FF (1.6 Ϯ 0.03 AU) was seen compared with that in A␤ alone (Fig. 3E) . A distribution of the individual cellular values (Fig. 3F ) for AR and FF demonstrates that cells treated with both MS-PPOH and A␤ tend to have a lower AR compared with A␤-treated group, indicating that EET blockade can further affect mitochondrial dynamics in astrocytes.
EET preincubation prevents mitochondrial fragmentation in A␤-treated cells. We next evaluated the effect of exogenous EETs on mitochondrial morphology in the presence of A␤ (1 M). A 12-h preincubation with either EET regioisomer improved mitochondrial morphology, although a complete reversal, as was evident with membrane potential, was not seen. Preincubation with 14,15-EET (10 M, Fig. 4C , n ϭ 40 cells) decreased fragmentation (P Ͻ 0.001 vs. A␤ alone), which was observed as an increase in both AR (2.8 Ϯ 0.04 AU) and FF (2.5 Ϯ 0.07 AU). Similarly, 11,12-EET (10 M, Fig. 4D ; n ϭ 31) also increased AR (2.8 Ϯ 0.07 AU) and FF (2.4 Ϯ 0.1 AU) values in the presence of A␤. This increment is evident in Fig.  4H , as the distribution of the cells in the EET preincubation group clearly indicates an upward and horizontally rightward shift in AR and FF values compared with the A␤ group. Lower doses (1 M) of both EETs also prevented mitochondrial fragmentation in the presence of A␤ (Fig. 4G) , but the increase in AR was higher in the 10-M group (2.8 AU) compared with the lower dose (2.5 AU). Additionally, we also observed a dose effect over a range of EET concentrations on mitochondrial fragmentation induced by A␤ and noted that even doses as low as 1 nM EETs can prevent A␤-induced fragmentation (4I).
Metabolic impairment induced by A␤ treatment in astrocytes is rescued by preincubation with EETs.
Since changes in mitochondrial membrane potential are known to affect oxidative phosphorylation (26) and A␤ causes a dramatic loss of both membrane polarity and oxygen consumption capacity in astrocytes, we investigated the effect of EETs on mitochondrial oxygen consumption in the presence of A␤. Incubation (24 h) with A␤ (10 M) decreased oxygen consumption (Fig. 5A) at a much lower concentration than that previously reported (1). At baseline, in the presence of A␤ (n ϭ 5 independent experiments), O 2 utilization was 2.7 Ϯ 0.2 nmol O 2 ·min Ϫ1 · mg Ϫ1 of cell suspension protein compared with 3.6 Ϯ 0.1 nmol·min Ϫ1 ·mg Ϫ1 of protein in vehicle (n ϭ 5, P Ͻ 0.005). Preincubation with 14,15-EET (10 M, n ϭ 5) completely blocked this effect of A␤, and O 2 utilization averaged 3.7 Ϯ 
·mg
Ϫ1 of protein, P Ͻ 0.005). 14,15-EET preincubation effectively prevented this reduction (6.1 Ϯ 0.6 nmol O 2 ·min Ϫ1 ·mg Ϫ1 of protein, P Ͻ 0.005 vs. A␤ alone), whereas 11,12-EET did not (3.5 Ϯ 0.6 nmol O 2 ·min Ϫ1 ·mg Ϫ1 of protein, P Ͻ 0.005 vs. vehicle). No significant changes were observed in the FCCPto-baseline ratio since the inhibitory effect on mitochondrial parameters is present in both with and without FCCP (Fig. 5B) .
In the presence of the ATP-synthase inhibitor oligomycin, cells in vehicle-treated group exhibited the expected drop in oxygen consumption (0.95 Ϯ 0.08 nmol O 2 ·min Ϫ1 ·mg Ϫ1 of protein) compared with the vehicle at baseline. The oligomycin-induced drop in respiration was less in A␤-treated groups (1.4 Ϯ 0.3 nmol O 2 ·min Ϫ1 ·mg Ϫ1 of protein), supporting the uncoupling action of A␤. To further analyze the effect of oligomycin, we looked at the ratio of respiration at baseline to respiration in the presence of oligomycin (Fig. 5B) . This ratio represents the extent of coupling between the electron transport chain and ATP synthase whereby a higher ratio indicates more effective coupling. Vehicle-treated cells showed a higher baseline-to-oligomycin ratio (3.8 Ϯ 0.3) compared with A␤-treated cells (1.9 Ϯ 0.3, P Ͻ 0.001), indicating that ATP synthase is partially uncoupled from the electron transport chain in the presence of A␤. This uncoupling was at least partially reversed by both 14,15-and 11,12-EETs, which brought the ratios closer to the vehicle-treated group (3.2 Ϯ 0.1 and 3.4 Ϯ 0.4, respectively, P Ͻ 0.05 vs. A␤ alone).
A␤-induced ROS generation is prevented by EETs. Generation of ROS is one of the most prominent and well-established mechanisms of A␤-induced toxicity (9, 40). Thus we evaluated 
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EETs IMPROVE A␤-INDUCED MITOCHONDRIAL DYSFUNCTION the potential of EETs to counteract this effect of A␤ using the intracellular ROS marker DCF (1 M). Cells treated with A␤ showed a threefold increase (319 Ϯ 48% of control, n ϭ 7 independent experiments, P Ͻ 0.001) in ROS production compared with vehicle (Fig. 6, A and B) . Preincubation with either 14,15-or 11,12-EET inhibited ROS production in the presence of A␤ (Fig. 6, C and D, respectively) . The relative fluorescence intensity of the intracellular ROS marker DC, was 124 Ϯ 17% of vehicle for 14,15-EET (n ϭ 8, P Ͻ 0.001 vs. A␤ alone) and 107 Ϯ 21% of vehicle for 11,12-EETs (n ϭ 7, P Ͻ 0.001 vs. A␤ alone). Groups treated with EETs without A␤ incubation did not show a significant change in DCF staining compared with vehicle (Fig. 6, E and F) . DISCUSSION We have demonstrated that exogenous EETs can prevent A␤-induced mitochondrial dysfunction in hippocampal astrocytes. Also, reductions in endogenous EET production have the potential to further aggravate A␤-induced injury. In particular, we report that 1) blockade of endogenous EET production by MS-PPOH can further increase mitochondrial depolarization in the presence of A␤ and that supplementation of EETs to the cells prevented this loss of membrane potential; 2) A␤ can induce mitochondrial fragmentation in the astrocytes, which is aggravated by preincubation with MS-PPOH and reversed in the presence of both regioisomers of EETs; 3) disruption of mitochondrial oxygen consumption and uncoupling in the presence of A␤ is reversed by 14,15-EET pretreatment; and 4) ROS production due to A␤ exposure is blocked by both 11,12-and 14,15-EET. We have previously shown that A␤ affects epoxygenase activity in cultured astrocytes and different areas of the brain (46) . In the current study, we report for the first time the involvement of EETs in the downstream pathway of A␤-induced injury and the therapeutic potential of EETs in restoring mitochondrial function.
Oxidative stress induced by A␤ plays a central role in AD pathology (13) , and it has been recently shown that ROS production in astrocytes leads to neuronal death in mixed hippocampal astrocyte-neuron culture. Interestingly, the glial cells experience very little cell death because of A␤ exposure, whereas the neurons show over 50% cell death (2) . The mechanism underlying this effect of astrocytes has been attributed to a disturbance in calcium homeostasis (3) and simultaneous upregulation of NADPH oxidase activity in response to A␤ exposure (2), leading to mitochondrial membrane depolarization, reduced oxygen consumption, and increased ROS production (1). These effects cause calcium perturbations and depletion of the antioxidant glutathione in surrounding neurons, leading to cell death (4) .
Mitochondrial depolarization can occur because of a lack of substrate availability or opening of the permeability transition pore in response to oxidative stress. A␤ affects glucose transporters (55), thus limiting substrate availability as well as activates NADPH oxidase to induce ROS generation. Inhibition of EET production led to further mitochondrial depolarization, which could be blocked by EET supplementation, indicating that EET reduction may be a yet-unknown pathway through which A␤ induces toxicity. Previously, it has been reported in cardiomyocytes that EETs do not interfere with the permeability pore complex directly (31) but activate mitoK ϩ channels (12) , which prevent the dissipation of mitochondrial potential following cellular stress. Therefore, it is possible that this action of EETs may be mediated through mitoK ϩ channels and may be blocked by the appropriate K ϩ channel blocker. In healthy cells, mitochondrial fission and fusion is a dynamic process that increases the effectiveness of mitochondrial function. Under cellular stress and decreased respiration, mitochondria undergo more fission than fusion, leading to cytochrome-c release, which signals apoptosis (58) . The change in fission/fusion balance impacts mitochondrial function, and A␤ has been shown to affect this dynamic by upregulating the fission proteins dynamin-related protein 1 (Drp1) and human fission protein 1 (Fis1), whereas downregulating the fusion protein optic atrophy 1 (OPA1), which results in disrupted distribution and fragmentation of mitochondria (54) . Upregulation of the fission protein dynamin-like protein 1 (DLP1) by A␤ also causes a complete collapse in the mitochondrial network that leads to reduced mitochondrial function (53) . This imbalance in mitochondrial structural proteins is also evident in AD patients (37) , where Drp1 upregulation is seen in both neurons and astrocytes, though no distinct information is available regarding the astrocytic mitochondrial network in the presence of A␤. We report here for the first time that A␤ induces fragmentation in mitochondria of astrocytes, which not only affects mitochondrial shape but also branching. Addition of MS-PPOH with A␤ caused more fragmentation, leading to further deterioration of mitochondrial shape, but did not have any significant effect on branching. Addition of exogenous EETs prevented the fragmentation and restored the normal mitochondrial network as evidenced by increased branching. Although we recognize that the limitation of our study lies in using a relatively higher concentration of EETs (10 M), the protective effect of EETs is concentration dependent. As we have shown in Fig. 4I , the efficacy of EETs to block A␤-induced injury is in the range of nanomolar concentrations, justifying its physiological relevance and therapeutic potential. At this point the pathway through which EETs exert this effect is not known; hence, it would be interesting to investigate the interactions of different mitochondrial fission and fusion proteins with EETs in future studies.
Since degradation in mitochondrial potential and structural network indicates metabolic deficit and EET pretreatment shows a significant improvement in both aspects, our current observation that EETs prevent astrocytic metabolic failure was expected. The surprising observation is the failure of 11,12-EET to prevent the reduction in oxygen consumption under basal and at maximal respiratory state (as seen following the treatment with FCCP), but the ability to block the uncoupling of ATP synthase. 14,15-EET, on the other hand, was successful in rescuing the astrocytes from A␤-induced reduction in oxygen consumption and uncoupling. A␤ affects mitochondrial respiratory enzyme activity (15) , and particularly inhibits complex IV in isolated mitochondria (14) . In an AD mouse model, A␤ and affect oxygen consumption and inhibit complex I and IV, although A␤ primarily affects complex IV and induces a drop in ATP production (complex V) in neurons (45) . This is in line with our finding that supports the direct action of A␤ on the electron transport chain since the effect is observed even in the presence of FCCP. This bioenergetics deficit precedes memory loss (57) . Alterations in the respiratory enzyme genes were also found in AD patients (39) . Substrate unavailability has been proposed to be another mechanism for A␤-induced downregulation of cellular respiration (1, 55) . At this point, it is unclear what specific effect EETs have on mitochondrial respiration. Based on these studies, it can be concluded that 11,12-EET can reduce uncoupling but might not have any effect on the electron transport chain, whereas 14,15-EET might be able to exert a dual effect since it reverses A␤-induced inhibition even in the presence of FCCP. Improvement in substrate availability may be an additional or alternative pathway through which EETs prevent metabolic impairment.
The disruption of the electron transport chain by A␤ increases mitochondrial ROS production, which eventually leads to cellular release of ROS (36) . Whereas mitochondrial ROS may trigger an increase in A␤ processing (33) , cellular ROS activate several apoptotic pathways (48) . Recently, it has been shown that local ROS induces apoptotic pathways by upregulating Bid [Bcl-2 homology 3-interacting domain death agonist], which in turn promotes mitochondrial fragmentation (11) . EETs have been previously reported to reduce ROS production in several injury models associated with mitochondrial damage (23, 31) . In our study, we also found that EETs were very effective in reducing ROS production induced by A␤, implying that EETs may block the onset of A␤-induced apoptosis. It will be interesting to further investigate the effect of EETs on A␤ production and accumulation, as generation of ROS creates a positive feedback loop for A␤ processing.
In conclusion, EETs were effective in reducing all markers associated with A␤-induced mitochondrial dysfunction in astrocytes, which strongly suggests the neuroprotective potential of EETs. Further experiments in neurons are needed to prove the therapeutic potential of EETs against A␤ injury. As mitochondria-targeted therapeutic models emerge and continue to increase in number (20, 38, 41, 56) , shown here in our study, EETs, a group of physiologically occurring fatty acids, hold strong potential as novel therapeutic targets in AD pathology.
